Purpose The purpose of this study was to investigate the utility of a combined GnRH-agonist (GnRH-a) and human chorionic gonadotropin (hCG) trigger in improving ICSI cycle outcomes in patients with poor fertilization history after standard hCG trigger in prior ICSI cycles. Methods Retrospective cohort study. Patients with a fertilization rate of <20% in at least two prior ICSI cycles who subsequently underwent another ICSI cycle with hCG trigger were compared to those who underwent another ICSI cycle with a combined GnRH-a and hCG trigger. Oocyte maturity, fertilization, clinical pregnancy, and live birth rates were compared. A multiple linear regression model was used to explore the association between combined GnRH-a and hCG trigger (vs hCG trigger alone) and fertilization rate. Results A total of 427 patients with mean age of 37.3 ± 1.94 years and mean baseline fertilization rate of 17.9 ± 2.03% were included, of which 318 (74.5%) and 109 (25.5%) patients underwent a subsequent ICSI cycle with hCG and combined GnRH-a and hCG trigger, respectively. The baseline parameters of the male and female partner were similar. The mean fertilization rate in the combined trigger group was 16.4% (95% CI: 7.58-25.2%) higher than the hCG trigger group, even after adjustment for confounders. Patients in the combined trigger group had higher oocyte maturity (82.1 vs 69.8%), higher clinical pregnancy (27.5 vs 5.67%), and higher live birth rates (20.2 vs 3.46%) compared to the hCG trigger group. Conclusions Combined GnRH-a and hCG trigger in ICSI cycles increase oocyte maturity, fertilization, clinical pregnancy, and live birth rates in patients with a history of poor fertilization after standard hCG trigger alone.
Introduction
The utility of a single bolus of gonadotropin-releasing hormone agonist (GnRH-a) as an alternative to human chorionic gonadotropin (hCG) for triggering final oocyte maturation was first described in 1990 [1] . Since then, several studies have indicated that GnRH-a-based triggers cannot only induce oocyte maturation but can also reduce the risk of ovarian hyperstimulation syndrome in in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) cycles [2] [3] [4] [5] [6] . The reduced risk of OHSS has been observed in high or hyperresponders when GnRH-a triggers are given as a single bolus or in conjunction with low doses of hCG [7] [8] [9] [10] .
patients undergoing IVF/ICSI [15, 16] who received GnRH-a triggers compared to standard hCG triggers. The large cohort of M-II oocytes associated with pure or combined GnRH-a triggers in turn increases the chances of shared donor oocyterecipient cycles, efficiency of oocyte banking or oocyte cryopreservation for fertility preservation, as well as supernumerary embryos available for cryopreservation [11] . In some cases, combined GnRH-a and hCG triggers have shown to increase blastulation rates [17] and live birth rates in IVF cycles [9] . Most of these findings have been attributed to the GnRH-a-mediated endogenous surge of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which resembles the physiologic mid-cycle surge in normal menstrual cycles [4, 18] .
It is important to note that while the non-OHSS benefits of GnRH-a triggers have only been demonstrated in high or hyper-responders undergoing their first IVF or ICSI cycle, very few studies to date have explored the efficacy of GnRH-a triggers in normal responders or in clinical scenarios such as poor fertilization or unsuccessful IVF/ICSI cycles. Although Griffin et al. [15] have reported increased fertilization rates in 27 patients receiving a combined GnRH-a and hCG trigger (83.3%) compared to those receiving a standard hCG trigger (66.7%), these results were not statistically significant. Also, in a recent investigation, Pereira et al. [19] reported a 2.7 times higher odds of fertilization when normal responder patients with a fertilization rate <40% in a prior ICSI cycle with standard hCG trigger underwent a subsequent ICSI cycle with a combined 2 mg GnRH-a and 1500 IU hCG ovulatory trigger. However, low fertilization in the prior study was defined by an arbitrary cut-off of <40%. Given the shortcomings of the aforementioned studies, the primary objective of the current study is to investigate the utility of a combined GnRH-a and hCG ovulatory trigger in improving ICSI cycle outcomes in patients with poor fertilization history following standard hCG trigger in ICSI cycles.
Materials and methods

Inclusion and exclusion criteria
All couples presenting for ICSI with fresh day 3 embryo transfer (ET) for male factor infertility at our center during an 8-year period were assessed for potential inclusion. From this initial cohort, patients with >5 mature oocytes and poor fertilization, defined by a fertilization rate of <20%, in at least two prior ICSI cycles at our center or elsewhere were included. The cut-off for fertilization rate was decided a priori and represented two standard deviations below the mean fertilization rate at our center (78.8 ± 28.5%). Only normal responders meeting the following criteria were included in the current study: age <40 years, cycle day 2/3 FSH level <12 mIU/mL, and cycle day 2/3 anti-müllerian hormone (AMH) level >1 ng/ mL. Patients utilizing donor oocytes, donor sperm, or surgical retrieved sperm were excluded. Based on Pereira et al.'s prior experience of higher fertilization rates with the combined GnRH-a and hCG trigger [19] , patients with a fertilization rate of <20% in at least two prior successive ICSI cycles prospectively underwent another ICSI cycle with hCG trigger (control group) or with a combined GnRH-a and hCG trigger (study group); the outcomes of these patients were subsequently compared. The decision to proceed with either trigger type was based on physician preference. Our study was approved by the Institutional Review Board.
Clinical, laboratory, and sperm preparation protocols All patients underwent uterine cavity evaluation in the form of saline infusion sonography, hysterosalpingography, or hysteroscopy prior to ovarian stimulation. Ovarian stimulation was performed using gonadotropins (Gonal-F, EMD-Serono Inc., Rockland, MA, USA or Follistim, Merck, Kenilworth, NJ, USA; and, Menopur, Ferring Pharmaceuticals Inc., Parsippany, NJ, USA). Dosing of gonadotropins was based on age, body mass index (BMI, kg/m 2 ), antral follicle count, AMH level, and response to ovarian stimulation in prior ICSI cycles [20] . All ICSI cycles included in the current study utilized gonadotropin-releasing hormone-antagonist (GnRH-ant) protocols in which suppression of ovulation was achieved with daily injections of ganirelix acetate (Merck, Kenilworth, NJ, USA) based on a previously described flexible protocol [21] . All patients in the hCG trigger group received 10,000 IU hCG while patients in the combined GnRHa and hCG trigger group received 4 mg GnRH-a and 10,000 IU hCG when the two lead follicles attained a mean diameter >17 mm. Oocyte retrievals were performed approximately 34-35 h after the ovulatory trigger under sedation with transvaginal ultrasound guidance. All patients received intramuscular progesterone (50 mg daily) for luteal support.
The retrieved oocytes were exposed to 40 IU recombinant hyaluronidase (Cumulase, Halozyme Therapeutics, Inc. San Diego, CA, USA) to remove the cumulus cells [22] . Metaphase-II (M-II) oocytes were identified by the presence of the first polar body [23] . Selection, immobilization, and permeabilization of the spermatozoa, with subsequent microinjection of M-II oocytes, were performed according to previously described protocols [24] . Of note, semen samples of the male partner were evaluated for volume, count, concentration, and motility using WHO criteria [25] at the first consultation as well as on the on the day of oocyte retrieval. All injected M-II oocytes were examined approximately 14-18 h after ICSI for normal fertilization, i.e., the presence of two distinct pronuclei (2-PN) and two clear polar bodies [22, 23] . The resulting embryos were cultured in in-house culture media until cleavage stage [24] . Fresh ETs were performed with Wallace catheters (Smiths Medical Inc., Norwell, MA, USA) on day 3 approximately 1 cm less than the uterine depth identified at prior trial transfer. There were no major changes in laboratory conditions, culture media, or fresh ET technique during the study period. By study design, patients undergoing embryo biopsy for pre-implantation genetic diagnosis or screening were excluded.
Study variables
Baseline demographics recorded for each patient included age, BMI (kg/m 2 ), gravidity, cycle day 2/3 folliclestimulating hormone (FSH, mIU/mL) level, and cycle day 2/ 3 AMH (ng/mL) level. For the male partner, mean spermatozoa count (×10 6 /mL), spermatozoa motility (%), and morphology (%) were also recorded. Baseline ICSI cycle characteristics recorded were number of prior ICSI cycles, fertilization rate in prior ICSI cycles, and mean 2-PN embryos obtained in prior ICSI cycles. The following ovarian stimulation parameters were also recorded: total days of ovarian stimulation, total days of gonadotropin-releasing hormone-antagonist (GnRHant) administration, total dosage of gonadotropins administered (IU), peak endometrial thickness (mm), and total and mature oocytes retrieved. The time elapsed between trigger and oocyte retrieval, trigger and removal of cumulus cells, and trigger and sperm injection was also recorded. Hormonal measurements included estradiol (E 2 , pg/mL), LH (mIU/mL), and FSH (mIU/mL) levels on day of ICSI start, day of trigger, and day after trigger. ICSI outcomes analyzed were fertilization rate (%), supernumerary embryos available for cryopreservation, number of day 3 embryos transferred, implantation rate, clinical pregnancy rate, and live birth rate. The fertilization rate was defined as the number of 2-PN embryos out of the total number of mature MII oocytes injected. Implantation rate was defined as the mean number of sacs seen on ultrasonography divided by the number of embryos transferred for each patient undergoing ET. Clinical pregnancy rate was defined as the number of intrauterine gestations with fetal cardiac activity per ICSI-ET cycle. Any birth after 24 weeks of gestational age was considered a live birth.
Statistical analyses
Descriptive statistics (including mean, standard deviation, median, interquartile range [IQR], frequency, and percent) were calculated to characterize the study cohort (for both the control and study groups, separately). To compare continuous variables of interest between the control and study groups, the two sample t test or nonparametric Wilcoxon rank-sum test was used, as appropriate. To compare categorical variables of interest between the control and study groups, the Chi-square test or Fisher's exact test was used, as appropriate. Fertilization rate was considered the primary outcome of interest. A multiple linear regression model was used to assess the independent effect of group status (i.e., combined GnRH-a and hCG trigger vs hCG trigger alone) on the fertilization rate, after controlling for age, total days of ovarian stimulation, total days of GnRH-ant administration, total dosage of gonadotropins administered, and E 2 level on the trigger. Statistical significance was set at P < 0.05. Ninety-five percent confidence intervals (95% CI) were calculated to assess the precision of the obtained estimates. All statistical analyses were performed using STATA version 14.0 (College Station, TX: StataCorp LP).
Results
A total of 427 patients with >5 mature oocytes and <20% fertilization rate in at least two prior successive ICSI cycles were identified. These patients had a mean age of 37.3 ± 1.94 years and underwent 2.77 ± 1.40 prior ICSI cycles, with a mean fertilization rate of 17.9 ± 2.03%. The mean number of 2-PN embryos was 2.56 ± 0.63. The overall positive pregnancy rate in this cohort was 4.21%; however, no live births occurred.
Of the 427 patients, 318 (74.5%) and 109 (25.5%) patients underwent a subsequent ICSI cycle with hCG and combined GnRH-a and hCG trigger, respectively. Table 1 compares the baseline demographics and ICSI cycle characteristics of the hCG and combined GnRH-a and hCG trigger groups. No difference was noted in the baseline parameters of the male or female partner in both groups. In addition, both groups underwent a similar number of prior ICSI cycles, had similar mean fertilization rates and a comparable number of 2-PN embryos. Table 2 summarizes the ovarian stimulation parameters of the study cohort. No difference was noted in the total days of ovarian stimulation, total days of GnRH-ant administration, total dosage of gonadotropins administered, or peak endometrial thickness. Although the total number of oocytes was comparable, more M-II oocytes were retrieved in the combined GnRH-a and hCG trigger group [8 (4-11) vs 6 (4-10); P = 0.02]. There was no difference in the times between trigger and oocyte retrieval, trigger and removal of cumulus cells, and trigger and ICSI when comparing the groups.
As illustrated in Fig. 1a , the E 2 levels on the day of ICSI start, day of trigger, and day after trigger in the combined GnRH-a and hCG and hCG trigger groups were comparable. In contrast, Fig. 1b shows that the FSH levels on the day after trigger were higher in the combined trigger group compared to levels observed in the hCG trigger group (45.3 ± 9.37 vs 13.3 ± 1.26 mIU/mL, respectively, P < 0.001). The doubling of FSH levels between the day of and day after trigger in the combined trigger group signifies the GnRH-a induced surge of FSH. Supplemental Fig. 1 indicates the concomitant GnRH-a induced surge of LH in the combined trigger group. Figure 2a demonstrates that the mean fertilization rate in the combined GnRH-a and hCG group was significantly higher than the hCG trigger group (42.1 ± 10.8 vs 17.9 ± 3.61%, respectively, P < 0.001). Multiple linear regression analysis revealed the mean fertilization rate in the combined trigger group to be 16.4% (95% CI: 7.58-25.2%) higher than the hCG trigger group, after controlling for age, total days of ovarian stimulation, total days of GnRH-ant administration, total dosage of gonadotropins administered, and E 2 level on the day of trigger (Table 3) .
A significantly higher percentage of ICSI cycles resulted in ET in the combined trigger group (76.1%) compared to the hCG trigger group (22.1%; P < 0.001). Although there was an observed statistical difference in the supernumerary embryos available for cryopreservation when comparing the combined trigger and hCG trigger groups (0.58 ± 0.14 vs 0.31 ± 0.08, Data are presented as mean ± (standard deviation), n (%), and median (interquartile range) GnRH-ant gonadotropin releasing hormone-antagonist, ICSI intracytoplasmic sperm injection respectively, P < 0.001), the overall number of supernumerary embryos was low. Table 2 shows a similar number of embryos transferred and implantation rate in both trigger groups. Table 2 and and Fig. 2b compare the clinical pregnancy and live birth rates of the two groups. The combined trigger group was noted to have a higher clinical pregnancy rate (27.5 vs 5.67%, respectively, P < 0.001) and higher live birth rate (20.2 vs 3.46%, respectively, P < 0.001) compared to the hCG trigger group.
Discussion
The results of the current study indicate that normal responder patients with a fertilization rate of <20% in at least two prior ICSI cycles for male-factor infertility have higher mean fertilization rates in a subsequent ICSI cycle when utilizing a combined GnRH-a and hCG trigger compared to a standard hCG trigger. The mean fertilization rate in the combined trigger group was approximately 16.4% higher than the rate in hCG trigger group, even after adjusting for confounders with multiple linear regression analysis. Furthermore, patients in the combined trigger group had more M-II oocytes retrieved, a higher percentage of ICSI cycles resulting in day 3 ET, higher clinical pregnancy rates, and higher live birth rates. Despite the common utilization of ICSI, cases of poor fertilization or complete fertilization failure can occur, often in the same patient [26] . Poor fertilization even in the presence of an adequate number of M-II oocytes and the same sperm source can prove to be frustrating for patients and physicians alike. Previous studies have suggested that endogenous FSH levels have a stimulatory effect on oocyte competence [27] by increasing in vivo granulosa-granulosa and granulosa-oocyte gap junctional communication [28, 29] . Thus, low endogenous FSH levels due to intentional pituitary suppression during ovarian stimulation may negatively influence the developmental competence of oocytes, resulting in poor ICSI fertilization in some patients with adequate M-II oocytes [27] . A proposed mechanism for poor fertilization in such patients may be asynchrony between the nuclear and ooplasmic maturation of the oocyte [30, 31] . In other words, in the setting of low endogenous FSH levels, M-II oocytes can contain immature ooplasm even though they are deemed mature for sperm injection by the presence of the first polar body, i.e., nuclear maturity. Such M-II oocytes are unable to participate in the decondensation of the sperm nucleus, leading to poor or failed oocyte fertilization [32, 33] .
In the context of these findings, investigators have assessed whether a bolus of FSH given concomitantly with the standard hCG trigger may be beneficial in increasing fertilization rates with ICSI. Specifically, Lamb et al. [27] randomized 188 patients undergoing IVF or ICSI to a bolus of 450 IU FSH or placebo at the time of 10,000 IU hCG trigger and reported higher oocyte recovery rates (69.9 vs 57.1%) and mean fertilization rates (63 vs 55%) in the FSH bolus group. Of note, when patients undergoing IVF and ICSI were analyzed separately, statistically higher mean fertilization rates were only noted in the IVF group (68 vs 48%) receiving the FSH bolus. No difference in clinical pregnancy or live birth rates was reported in that study. Contrary to the increased mean fertilization rates highlighted by Lamb et al. [27] , other investigations have failed to demonstrate any improvement in Fig. 2 Comparison of mean fertilization rates (a), clinical pregnancy rates, and live birth rates (b) in patients receiving either standard hCG trigger or combined GnRH-a and hCG trigger fertilization, clinical pregnancy, or live birth rates in patients receiving an FSH bolus with the hCG trigger [34, 35] . It is worthwhile to note that although increased serum FSH levels were observed on the day after trigger in the current and previous studies [27, 34] , the mechanism causing increased FSH levels is different-the higher serum FSH levels in the current study are endogenous in origin, resulting from the GnRH-a-mediated surge in FSH, while the higher serum FSH levels in other studies are due to administration of exogenous FSH. Given that higher fertilization, clinical pregnancy, and live birth rates were only noted in the current study, one may speculate that the biologic effects of endogenous FSH on oocyte developmental competence are more potent than exogenous FSH. A recent prospective study by Haas et al. [36] has elucidated some physiologic mechanisms pertaining to the beneficial effects of the GnRH-a-mediated FSH surge in ICSI cycles. In this study, 15 patients received a standard hCG trigger in the first ICSI cycle followed by a combined GnRH-a and hCG trigger in the subsequent ICSI cycle. Granulosa cells were obtained at the time of oocyte retrieval from which RNA was extracted. Expression analysis of messenger RNA (mRNA) levels of reproduction-related genes was then performed with quantitative real-time polymerase chain reaction. Consistent with the findings of the current study, Haas et al. also reported a higher mean number of oocytes (8.6 vs 6.9), 2-PN embryos (6.1 vs 3.7), cleavage-stage embryos (5.6 vs 3.4), and higher clinical pregnancy rates in the combined trigger group compared to that of the hCG trigger group. The mRNA expression of amphiregulin and epiregulin was significantly higher in the combined trigger group. FSH has been shown to increase the expression of amphiregulin and epiregulin in granulosa cells, and these genes in turn induce cumulus expansion and oocyte maturation [37, 38] . In vitro experiments have also shown that addition of amphiregulin and epiregulin to media can significantly increase the maturation of germinal vesicle oocytes. The investigators [36] also reported significantly lower expression of connexin 43 in the combined trigger group. Previous studies have indicated that embryos with good morphology on day 3 (>7 cells and <10% fragmentation) develop from oocytes with lower mRNA expression of connexin 43 [39] . Thus, the surge in endogenous FSH associated with GnRH-a results in higher levels of amphiregulin and epiregulin as well as connexin 43 suppression; these combined mechanisms potentially contribute to increased oocyte maturity, fertilization rates, and live birth rates in patients receiving the combined GnRH-a and hCG trigger.
Comparison of Clinical Pregnancy and Live Birth Rates
One salient strength of the current study is the inclusion of patients with >5 mature oocytes undergoing ICSI with ejaculated sperm, reducing the possibility of poor fertilization in such patients being caused by low oocyte yield [40] or severe sperm defects [41] . Although the semen parameters of the male partners in the current study were suboptimal, several studies have indicated that ICSI can achieve normal fertilization rates despite suboptimal semen parameters [22, 23] . Furthermore, to address regression to the mean as a potential source of error, only patients with <20% fertilization rate in at least two prior ICSI cycles were included. The occurrence of <20% fertilization in two or more prior ICSI cycles also indicates a biologic and patient-specific basis for poor fertilization, most likely at the oocyte level [19] . Of note, the cut-off for fertilization rate was decided a priori and was center-specific, i.e., two standard deviations below the center's mean fertilization rate.
The current study also has some limitations. First, only patients undergoing ovarian stimulation with GnRHantagonist protocols, ICSI for male factor infertility, and fresh day 3 ET were included. Thus, by study design, the utility of the combined GnRH-a and hCG trigger could not be assessed in patients undergoing ovarian stimulation with non-GnRHantagonist protocols, ICSI for other infertility diagnoses, or those with blastocyst-stage transfers. Second, information regarding smoking status was not available and therefore, could not be analyzed as a potential confounder. Third, while the study postulated that higher endogenous FSH levels associated with the combined trigger can mitigate asynchrony between the nuclear and ooplasmic maturation of the oocyte, ooplasmic maturity was not specifically assessed in the current study. Non-invasive imaging of the meiotic spindle has previously been utilized to determine the ooplasmic maturity GnRH-ant gonadotropin-releasing hormone-antagonist, E 2 estradiol of human oocytes. However, there is conflicting evidence regarding the association of the meiotic spindle with outcomes such as fertilization rates, embryo quality, implantation rates, and clinical pregnancy rates [42] . Fourth, we also acknowledge that poor fertilization may be caused by poor quality oocytes generated from sub-optimal ovarian stimulation. Finally, the results of the current retrospective study encourage replication in a prospective setting. It would also be worthwhile to explore whether the pure GnRH-a triggers, i.e., GnRH-a without the hCG component, could have a direct impact on oocyte maturity and fertilization rates. The current study adds to the growing body of literature demonstrating the non-OHSS benefits of GnRH-a triggers in assisted reproduction. Specifically, a combined GnRH-a and hCG ovulatory trigger is associated with increased mean fertilization rates and increased clinical pregnancy and live birth rates in patients with poor fertilization in prior ICSI cycles with standard hCG trigger alone. The study's findings are particularly important for normal responder patients with recurrent poor fertilization, who otherwise have very limited treatment options [15] . While the study postulates that the GnRH-a-mediated surge in endogenous FSH can mitigate ooplasmic immaturity and thereby increase fertilization and pregnancy rates, basic scientific investigations are required to confirm the proposed aforementioned mechanism.
